The matrix metalloproteinase (MMP) family is believed to play a role in the ovulatory process because MMP inhibitors block oocyte release. However, little is known about the mechanisms by which the MMPs affect ovulation. The present study investigated the degradomic actions of the gelatinases, MMP2 and MMP9, by identifying gelatinolytic targets in periovulatory granulosa cells. Granulosa cells were collected from immature rats 48 h after equine chorionic gonadotropin treatment and were cultured with human chorionic gonadotropin (hCG) in the absence or presence of a specific MMP2/9 inhibitor ((2R)-2-[(4-biphenylylsulfonyl)amino]-3-phenylpropionic acid) for an additional 24 h. The conditioned media was analyzed for gelatinolytic activity, progesterone, and peptide profiles. Gelatinolytic activity and progesterone were induced in response to hCG; however, there was no difference in progesterone between cells treated with or without the inhibitor. Peptide fragments of proteins altered in the presence of the gelatinase inhibitor were identified by twodimensional gel electrophoresis and mass spectrometry. Protein disulfide isomerase A3 (PDIA3), which plays a role in protein folding, was identified as a peptide that decreased in the presence of inhibitor while the serine protease hepsin, was found to increase with inhibitor treatment. Subsequent experiments established that PDIA3 and hepsin were targets of MMP2/9 action by cleavage with MMP2 and Western blot analysis, respectively. Additionally, hepsin was identified as a gelatinolytic target in ovarian cancer cells. In the present study, proteomics has identified proteins that may be involved in novel ways in the complex cascades that are mediated by gelatinolytic MMPs during the periovulatory period. corpus luteum, hepsin, matrix metalloproteinase, ovulation, protein disulfide isomerase A3
INTRODUCTION
The mammalian ovary undergoes dynamic structural changes throughout the reproductive cycle with remarkable transformations occurring during the periovulatory period. These structural changes encompass extensive remodeling of the extracellular matrix (ECM) to facilitate breakdown of the follicular wall, release of the oocyte, and transformation of the postovulatory follicle to form the corpus luteum. These rapid changes in the periovulatory follicular ECM are postulated to occur through the action of the matrix metalloproteinases (MMPs), a family of structurally related enzymes capable of cleaving components of the ECM [1] [2] [3] [4] [5] [6] . Support for such a postulate comes from numerous observations, including 1) fragmentation and a loss of the collagenous matrix of the follicular wall after the luteinizing hormone (LH) surge, especially at the apex [7, 8] , 2) induction of members of the MMP family after an LH/hCG (human chorionic gonadotropin) stimulus [9] [10] [11] [12] [13] , and 3) the ability of chemical MMP inhibitors to block follicular rupture in vitro [9, 14, 15] and in vivo [16] . These observations suggest that follicular rupture requires focal degradation of the apical ECM that is controlled, in part, by ovarian MMPs.
The actions of the ovarian MMPs have been hypothesized to be directed toward components of the follicular ECM such as the collagens, laminins, and fibronectins [3] [4] [5] [6] . This concept is based, in part, on the observation that interstitial type I collagen found in the follicular wall is fairly resistant to cleavage by proteinases other than collagenase. Additionally, the capacity of the gelatinases, such as MMP2 and MMP9, to degrade ECM basement membrane components such as laminin and fibronectin is well documented [17, 18] . Investigators have demonstrated that the collagenous matrix in the follicular wall, as well as the follicular and apical basement membranes, become fragmented and lose their structural integrity as ovulation approaches [7, 19] . These morphological observations in conjunction with the known actions of the MMPs on the ECM have led to the hypothesis that MMPs are involved in the LH-induced breakdown of the ECM components present in the wall of the preovulatory follicle to facilitate oocyte release and luteal formation [3] [4] [5] [6] . For example, the marked induction of Mmp2 mRNA at 24 h after hCG in the forming corpus luteum has been suggested to support a role for the gelatinases in early luteinization of the postovulatory follicle [20] .
MMPs have been observed to act on non-ECM substrates. The ability of MMPs to act on other MMPs, growth factors, binding proteins (e.g., insulin-like growth factor-binding proteins), receptors, integrins, and cytokines has expanded the repertoire of MMP action outside the classical action on the ECM [1, 17, 21] . For example, MMPs are able to release growth factors by cleaving binding proteins and the extracellular domains of growth factors, thus acting as so-called sheddases to control growth factor bioavailability or action. The breadth of MMP actions, therefore, has exploded to include modulation of cell growth, cell proliferation, cell migration, chemotaxis, and apoptosis through their ability to cleave non-ECM substrates [1, 17, 21] . Surprisingly, with all of these targets of MMP action, we are uncertain as to the actual ovarian substrates targeted during follicular rupture and thus the overall comprehensive role that the MMP system plays in the process of ovulation and luteal formation. The current study has begun to address this question of identifying the ovarian targets of MMP action by inhibiting the action of the gelatinases and exploring which proteins may be targets of MMP2 or MMP9. We report on two proteins that are regulated by MMP2/9: protein disulfide isomerase A3 (PDIA3) and hepsin. We further explore the action of MMP2/9 on hepsin in human ovarian cancer.
MATERIALS AND METHODS

Materials
Unless otherwise noted, all the chemicals and reagents were purchased from Sigma-Aldrich or Thermo Fisher Scientific.
Animals: Granulosa Cell Model
All the animal procedures were approved by the University of Kentucky Institutional Animal Care and Use Committee. The changes in expression patterns of MMP2 and MMP9 activity were determined in rat granulosa cells during the periovulatory period. Granulosa cells were isolated from ovaries collected from equine chorionic gonadotropin (eCG)-primed immature rats as described previously with the modifications noted below [22] . Briefly, immature female Sprague Dawley rats (Harlan Laboratories, Inc.) were provided with water and rat chow ad libitum and maintained on a 12L:12D cycle. At 22-23 days of age, animals were injected with 10 IU (international units) of eCG to stimulate and synchronize follicular growth. Ovaries from five rats were removed 48 h later, and granulosa cells were isolated by follicular puncture. The cells from these 10 ovaries were pooled, pelleted by centrifugation, and resuspended in defined medium consisting of Opti-MEM I (Invitrogen) supplemented with 28.6 mM sodium bicarbonate, 0.05 mg/ml of gentamicin, and 13 ITS (insulin, transferin, and selenium) (Invitrogen). The cells were distributed into 6-well plates at a density of approximately 1 3 10 6 viable cells in 2 ml of the defined medium per well (100 000 cells/cm 2 ) and cultured with or without 1-2 IU hCG/ ml. This represents a single experiment. Conditioned media was collected at 0, 12, and 24 h after hCG treatment (n ¼ 3 separate, independent experiments for each time point) and analyzed by gel zymography.
To determine the ovarian substrates of MMP2 and MMP9 action, rat granulosa cells were cultured in the absence or presence of a MMP2/9 inhibitor. Granulosa cells were isolated from ovaries of eCG-primed immature rats as described above. The cells were distributed at a density of approximately 1 3 10 6 viable cells per 2 ml of defined medium per well and treated with 2 IU hCG/(1 3 10 6 cells) in the absence or presence of 100 lM of (2R)-2-[(4-biphenylylsulfonyl)amino]-3-phenylpropionic acid (Calbiochem-EMD BioSciences), a specific MMP2/9 inhibitor [23] , for 24 h (five wells pooled per time point, n ¼ 3 separate, independent experiments for each time point). At the end of the culture period, conditioned media were removed and an aliquot analyzed for progesterone (P4). The remaining portion of the conditioned media was frozen and later subjected to two-dimensional (2D) gel electrophoresis.
Tissues and Cells
Rat ovaries were removed from adult Sprague Dawley rats and immediately frozen for Western blot analysis. Human ovaries were collected from five women, 28-49 years of age, undergoing hysterosalpingo-oophorectomy and ovariectomy for various reasons, including uterine leiomyoma, abnormal uterine bleeding, pelvic pain, and endometriosis. All the samples were from nonmalignant tissues, and the ovaries exhibited no gross pathology (e.g., ovarian endometrioma). Ovaries were bisected, and a portion of each ovary was immediately frozen for Western blot analysis. All the procedures for these experiments utilizing human tissue were approved by the University of Kentucky Institutional Review Board.
All the ovarian cancer cell lines (Ovcar-3, Caov-3, and Skov-3) and cell culture media were obtained from the American Type Culture Collection ATCC. Ovcar-3 cells were cultured in RPMI 1640 media, supplemented with 20% fetal bovine serum (FBS), penicillin (1 U/ml)/streptomycin (100 lg/ml), and 0.25 lg/ml amphotericin B (Gibco-Invitrogen). Caov-3 and Skov-3 cells were cultured in Dulbecco modified Eagle medium and McCoy 5A medium, respectively, both supplemented with 10% FBS and antibiotics as described above. Cells were plated in 6-well plates and maintained until the cells reached ;60%-90% confluence. Cells were then starved of serum for 24 h and treated for an additional 24 h with 0.1% dimethyl sulfoxide (DMSO) (i.e., control) or 100 lM of MMP2/9 inhibitor. At the end of the incubation period, five wells were pooled, and the cells and conditioned media were collected and processed for Western blot analysis. This experiment was repeated with four sets of cells cultured in separate, independent experiments.
Protein Separation: 2D Gel Electrophoresis
Approximately 10 ml of granulosa cell conditioned culture media was pooled from five wells per treatment (n ¼ 1), acetone precipitated, and the pellet dissolved in 150 ll of 7 M urea, 2 M thiourea, 50 mM dithiothreitol (DTT), 4% CHAPS, 1% NP-40, 0.2% ampholytes pH 3-10, and 0.0002% bromophenol blue. A 125-ll aliquot of the protein solution was applied to a 7-cm Bio-Rad pH 3-10 IPG (immobilized pH gradient) strip by overnight passive rehydration. After focusing in a Bio-Rad Protean IEF cell, the proteins in the IPG strip were reduced by DTT and alkylated by iodoacetamide. The second-dimension SDS-PAGE separation was performed, the gels were stained by Sypro Ruby (Invitrogen), and an image was obtained using a Typhoon scanner (GE Healthcare Life Sciences). Two-dimensional gel electrophoretic separation was performed from three separate, independent cell culture experiments (n ¼ 3 where n ¼ conditioned media from one experiment). To determine changes in spots representing protein or peptide fragments between cells treated with or without the MMP2/9 inhibitor, gel profiles were analyzed using the PDQuest software program (Bio-Rad, Version 7.3.1).
Peptide Separation: Tryptic Digestion and Mass Spectrometry
Selected protein spots were excised using a Bio-Rad ProteomeWorks Plus Spot Cutter System and washed with 50 mM NH 4 HCO 3 in 50% CH 3 CN. After dehydration, the gel pieces were reduced and then alkylated for 30 min. The gel pieces were washed with 50 mM NH 4 HCO 3 , dehydrated, rehydrated in 5 ll Promega modified trypsin, and digested at 378C. Peptides were extracted first with 0.1% HCOOH and then with 0.1% HCOOH in 50% CH 3 CN. The peptide solution volume was reduced to 12 ll for liquid chromatography-mass spectrometry (LC-MS) analysis.
Nano-flow reverse-phase LC-MS/MS was performed using a capillary HPLC system (LC Packings) coupled with a QSTAR XL quadruple time-offlight (TOF) mass spectrometer (ABI/MDS Sciex) through a nanoelectrospray ionization source (Protana). Analyst QS software was used for the system control and data collection. The desired volume of protein solution was desalted on a C18 trap column and subsequently separated on a 75 lm 3 15 cm C18 reverse-phase column (Vydac) at a flow rate of 220 nl/min. After LC separation, the sample was introduced into the MS through a 10-lm silica tip (New Objective) adapted with a nanoelectrospray source. Data were acquired in information-dependent acquisition mode. Each cycle typically consisted of a 1-sec TOF MS survey from 400 to 1600 (m/z) and two 2-sec MS/MS scans with a mass range of 65-1600 (m/z).
Peptide Identification and Western Blot Analysis
The LC-MS/MS data were submitted to a local MASCOT server (Matrix Science Inc.) for MS/MS ions search. The pI (isoelectric point) and molecular weight (MW) data were also submitted for further identification using the TagIdent program from ExPASy (www.expasy.org). Protein matches at the 95%-confidence level were selected for further identification by Western blot analysis and examination of susceptibility to gelatinolytic degradation.
For Western blot analysis, rat granulosa cells, whole rat ovary, human ovarian biopsies, and human ovarian cancer cells were lysed in RIPA buffer (Santa Cruz Biotechnology, Inc.) that was supplemented with a protease inhibitor cocktail (phenylmethylsulfonyl fluoride, aprotinin, and sodium orthovanadate). Twenty micrograms of protein was separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane. Western blot analysis was performed by first blocking nonspecific binding with 5% dry milk in Trissaline buffer (10 mM Tris HCl, 150 mM NaCl; pH 8.0) containing 0.5% Tween-20 for 1 h. Blots were then incubated with 0.1 lg/ml of the primary antibody for hepsin (catalog no. 100022; Cayman Chemical) overnight at 48C. After a series of washes, the blots were incubated with a secondary antibody (goat anti-rabbit HRP; catalog no. sc-2030; Santa Cruz) at 1:2000 dilution linked to horseradish peroxide, washed extensively, and analyzed using an enhanced ECL chemiluminescence detection system (GE Healthcare Life Sciences). To ensure the specificity of the Western blot analysis, the antibody was incubated with blocking peptide at 48C overnight before performing Western blot analysis as described above. To ensure equal sample concentrations, membranes were stripped and incubated with b-actin (1:2000) for 1 h at room temperature and processed for Western blot analysis. All the data were normalized relative to the actin control.
Protein Disulfide Isomerase A3 Digestion
To demonstrate that PDIA3 was a substrate for MMP2, 0.1 lg purified PDIA3 (P3818; Sigma-Aldrich) was incubated alone or with increasing concentrations (0.01-0.5 lg) of purified active MMP2 (aMMP2; Calbiochem-GELATINASE ACTION IN THE RAT OVARY EMD Biosciences) at 378C for 24 h; all the incubations were in a 10-ll volume. At the end of the incubation, the PDIA3 (0.1 lg), aMMP2 (0.5 lg), or the PDIA3 þ aMMP2 mixture was separated by 10% SDS-PAGE, silver stained, and photographed. A similar experiment was performed incubating PDIA3 and 0.9 lg of nonactive MMP2 (nMMP2; Abcam) for 24 h. Gel zymography was performed with both aMMP2 and nMMP2 using 10% SDS-PAGE gels with 10 mg gelatin and incubated for 24 h before staining with Coomassie. In order to visualize the cleavage products of PDIA3 by MMP2; a protein gradient gel (4%-20%; Pierce) was run with samples of aMMP2 (0.5 lg), purified PDIA3 (0.1 lg), and PDIA3 incubated with aMMP2 (0.5 lg) for 4, 8, 12, and 24 h at 378C.
Gelatin Zymography
Ten milliliters of conditioned media from granulosa cell cultures was concentrated using Centricon filter devices (Millipore Corp.) with a 10 000 MW cutoff, and 15 ll of the concentrated conditioned media were diluted with nonreducing sample buffer (final concentration, 1% SDS and 5% glycerol) and subjected to SDS-PAGE for 4 h. After electrophoresis, the gel was washed in 2% Triton X-100 for 2 h to elute the SDS, rinsed briefly in Tris incubation buffer (50 mM Tris-HCl, 1 mM CaCl 2 , 0.05% Brij 35, pH 7.4), and then incubated for at least 24 h at 378C in Tris incubation buffer. Subsequently, the gels were stained with Coomassie brilliant blue R250 dye. Gelatin-degrading enzymes were identified by their ability to digest the gel.
Progesterone Assay
Concentrations of P4 in the granulosa cell conditioned media after 24 h of culture in the presence or absence of the MMP2/9 inhibitor were assayed using an Immulite kit on an Immulite 1000 (Siemens Healthcare Diagnostics). The assay sensitivity was 0.2 ng P4/ml, and the intraassay and interassay coefficients of variation were 3.5% and 6.3%, respectively.
Statistical Analysis
Differences in mRNA, protein, or activity between groups were analyzed by one-way ANOVA and post hoc comparisons were performed when appropriate using least significant differences, with P , 0.05 being considered significant. Analysis of the gelatinolytic activity in the gel zymograms was performed using the Nikon NIS-Elements AR program (Version 3.13; Nikon Instruments Inc.). The regions of digestion were thresholded according to the binary intensity, and the percent area of the thresholded band region was calculated. Because of the variability in gelatinolytic activity and the background intensity of the gel zymograms between experiments, the 24-h þhCG sample was assigned a value of 1 in each experiment, and all the other treatments were expressed relative to the 24-h þhCG sample.
RESULTS
Changes in Gelatinase Activity after hCG Treatment of Granulosa Cells
Induction of Mmp2 and Mmp9 mRNA expression in granulosa cells after hCG has been previously demonstrated in vivo [4] [5] [6] 20] . To validate our rat granulosa cell culture model, MMP2 and MMP9 activity in the conditioned media was assessed by gel zymography. Granulosa cells were isolated 48 h after eCG (0 h) and cultured for 12 or 24 h in the absence or presence of hCG. Gelatinolytic activity in the conditioned media was observed at both 12 and 24 h of culture (Fig. 1) . The predominate gelatinase from rat granulosa cells was MMP2. The active form of MMP2 was highly abundant in conditioned media at 24 h after hCG treatment (Fig. 1B) . MMP9 activity was detected at 12 h but was almost undetectable by 24 h. MMP9 activity varied between experiments but was always less than the activity of MMP2 (n ¼ 5). There was no MMP activity detected in the media, media þhCG, or in the supernatants removed from the granulosa cells at the start of the experiment (0 h).
The MMP2/9 Inhibitor Does Not Affect P4 Levels Measurement of P4 production in the granulosa cell conditioned media after 24 h of culture in the presence or absence of the MMP2/9 inhibitor (Fig. 2) revealed that, as expected, hCG induced P4 production (;70-fold increase: 0 h ¼ 0.7 6 0.11 ng/ml, 24 h hCG control ¼ 48.0 6 1.59 ng/ml). Treatment with the MMP2/9 inhibitor had no effect on this hCG-stimulated P4 production (24-h hCG control ¼ 48.0 6 1.59 ng/ml vs. 24-h hCG inhibitor ¼ 44.1 ng/ml 6 2.20 ng/ml).
Identification of Peptides Altered after MMP2/9 Inhibitor Treatment of Granulosa Cells
Granulosa cell conditioned media from cells cultured for 24 h in the presence of hCG with or without the MMP2/9 inhibitor was analyzed for peptide patterns by 2D gel electrophoresis. Analysis of the spots representing peptide fragments on the 2D gels was performed on three separate samples of granulosa cell conditioned media using the PDQuest software. When gelatinase activity was inhibited, there were a total of 274 different spots on the gel. Of those 274, 55% were up-regulated in the presence of the MMP2/9 inhibitor, 29% were downregulated, and 16% were unchanged (by more than 10% over the control). Those peptides that were present in all three samples were visually assessed for relative abundance (absolute density greater than 5000), clarity of the peptide fragment, and ease of fragment isolation for subsequent analysis. There were 15 spots that met these criteria. From this analysis, we selected five peptides that were subjected to tryptic digest and mass spectrometry analysis; they were tentatively identified using peptide mass fingerprint with
Gelatinolytic activity of granulosa cell supernatants following hCG treatment. Conditioned media in the absence (C) or presence of hCG (þhCG) were collected at 12 and 24 h and subjected to gel zymography. The predominate gelatinase from rat granulosa cells was MMP2. The active form of MMP2 was readily abundant at 24 h after hCG treatment. MMP9 activity was detected at 12 h and almost undetectable by 24 h. There was no MMP activity detected in the media, media þhCG, or in the supernatants removed from the granulosa cells at the start of the experiment (0 h). B) Graphical representation of the MMP2 activity for each band on the gelatin zymography (n ¼ 5 separate, independent experiments). MMP2 activity was significantly increased (*) at 24 h after hCG in the conditioned media (P , 0.05).
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MASCOT. One of the spots selected was unchanged between the control and inhibitor-treated gels and served as a landmark to align the gels for accurate peptide excision. The MW of the landmark peptide was 36.4 kDa, its pI was 5.70, and it had 23% sequence coverage; this peptide was identified as the Bchain of L-lactate dehydrogenase. The remaining four peptide fragments differed in pI, MW, and relative abundance. One spot that increased in the presence of inhibitor had a MW of 27.7 kDa, a pI of 6.7, and 12% sequence coverage, and was identified as hepsin, a type II membrane-associated serine proteinase. The only spot selected that decreased had a MW of 56.5 kDa, a pI of 5.88, and 9% sequence coverage, and was identified as PDIA3, which functions in the formation of disulfide bonds and protein folding. We were unable to recover sufficient quantities of the tryptic digests for accurate analysis of the remaining two spots that were increased following inhibitor treatment.
Validation of Peptides Altered after MMP2/9 Inhibitor Treatment
The proteomic approach identified three proteins present in granulosa cells, two of which appear to be modulated by gelatinolytic action. To confirm that hepsin and Pdia3 mRNA are present in the ovary and are potential targets of MMP2/9 action, the expression of mRNA was analyzed using Affymetrix microarray data from our rat ovarian gene expression database (rOGED) [24] . The mRNAs for hepsin (NM 017112.1) and Pdia3 (NM 017319.1) were present in extracts of intact ovaries as well as in isolated granulosa cells collected at the time of hCG administration (i.e., 48 h after eCG or 0-h hCG). Hpn mRNA increased 20% after hCG (6 h) before returning to control levels at 12 h after hCG whereas Pdia3 was constitutively expressed at 6 and 12 h after hCG (data not shown).
Our proteomic analysis identified PDIA3 as a protein that was decreased by inhibition of MMP2/9 action, which suggests that PDIA3 may be a target of the gelatinases. PDIA3 belongs to a class of disulfide isomerases that fold cell surface and secretory proteins [25] . To validate PDIA3 as a target of the gelatinases, PDIA3 was incubated with active recombinant MMP2. The activity of the recombinant MMP2 was first authenticated by gel zymography (Fig. 3A) . When PDIA3 was incubated with a nMMP2 for 24 h, the inactive MMP2 was unable to cleave PDIA3 (Fig. 3B) . Subsequently, PDIA3 was incubated with increasing concentrations of recombinant aMMP2 for 24 h. Analysis of the PDIA3:MMP2 incubation reaction by gel electrophoresis demonstrated that with increasing concentrations of aMMP2, the cleavage of PDIA3 was enhanced (Fig. 3C ) and additional peptides were present, suggesting PDIA3 cleavage products (Fig. 3D , * indicates cleavage products at ;49 kDa). These data demonstrate that MMP2/9 is able to release the intact protein as well as degrade PDIA3 (see schematic representation in Fig. 7 ).
Our proteomic screen identified hepsin as a protein that was increased after inhibition of MMP2/9 action. Hepsin is reported to be a 51-kDa type II membrane-associated serine proteinase [26] . However, by proteomic analysis, we identified hepsin as an MMP target from a peptide fragment obtained by 2D gel electrophoresis with a MW of 27.7 kDa. To resolve this apparent discrepancy in molecular size, we performed Western blot analysis to identify hepsin in the ovary. In whole ovary   FIG. 2 . Measurement of progesterone (P4) production in the granulosa cell conditioned media after 24 h of culture in the presence or absence of the MMP2/9 inhibitor. Human chorionic gonadotropin-induced P4 production (mean 6 SEM) resulting in ;70-fold increase; 0 h (control) ¼ 0.7 6 0.11 ng/ml, 24 h hCG (þhCG) ¼ 48.0 6 1.59 ng/ml. Treatment with the MMP2/9 inhibitor (hCGþInh) had no effect on hCG-stimulated P4 production. ( Fig. 4A ) and granulosa cell conditioned media (Fig. 4B,  control) , hepsin was present as a peptide of approximately 45 and 29 kDa. The 45-kDa band represents the intact protein, which matches the reported size 45.3 kDa, while the 29-kDa fragment represents the cleaved extracellular domain [27, 28] . We observed a nonspecific band at 36 kDa that remained even in the presence of an excess of hepsin peptide (data shown only for whole ovary, Fig. 4A ).
To confirm our findings from the proteomic screening that hepsin was increased in granulosa cell conditioned media after inhibition of MMP2/9 action, granulosa cells were cultured for 24 h with or without the MMP2/9 inhibitor and Western blot analysis was performed on the conditioned media. In the presence of the MMP2/9 inhibitor, there was an increase in the 29-kDa hepsin fragment (Fig. 4B) , which is similar to our findings by proteomic screening, while the 45-kDa hepsin peptide decreased in the conditioned media.
Hepsin Is Altered after MMP2/9 Inhibitor Treatment in Human Ovarian Cancer Cells
We next extended our present findings in the rat and explored hepsin expression in the human and whether hepsin was a gelatinolytic target in the human ovary. The rationale for this set of experiments was that hepsin has been reported to be absent in the normal ovary [29] but yet hepsin has been suggested to play a role in ovarian cancer [29] [30] [31] . Thus, we were interested to discover whether our findings in the rodent were applicable to the human. First, hepsin protein expression was examined in extracts of intact human ovaries (Fig. 5A) as well as in Caov-3, Ovcar-3, and Skov-3 cancer cells (Fig. 5B) . Both the intact and cleaved forms of hepsin were present in the human ovary, however, the relative abundance varied between the five different human specimens and the three different cell lines (Fig. 5, A and B) . As the ovarian cancer cells contained an abundance of the 29-kDa hepsin fragment, we next investigated whether gelatinolytic activity was responsible for the presence of this fragment. After culture of the ovarian cancer cells with the MMP2/9 inhibitor for 24 h, there was no change in the cleaved form of hepsin in the conditioned media from the Caov-3 and Skov-3 cancer cells; however, the 29-kDa hepsin fragment increased in Ovcar-3 cell conditioned media (Fig. 6 ).
DISCUSSION
The current studies are the first to characterize the ovarian actions of the gelatinases induced by hCG during the periovulatory period. It is well documented that the endogenous LH surge or exogenous hCG stimulates the induction of members of the MMP family that are thought to degrade the apical extracellular matrix to facilitate oocyte release and subsequent luteal formation [3, 5, 6, [9] [10] [11] [12] [13] . The specific MMPs induced by the LH surge or an hCG stimulus appear to be species-specific as well as dependent upon the individual experimental model system employed. The gelatinases, MMP2 and MMP9, are induced by an LH/hCG stimulus and exhibit a different spatiotemporal pattern of expression among species as well as the experimental model systems employed [13, [32] [33] [34] [35] [36] [37] [38] [39] [40] . In the rat, Mmp2 in intact ovaries is stimulated by LH while Mmp9 mRNA expression is unchanged throughout the periovulatory period [13, 32, 33] . Our laboratory and others have demonstrated that the increase in Mmp2 mRNA results in an increase in gelatinolytic activity in extracts of intact rat ovaries during the periovulatory period and that this activity is predominately due to MMP2 [13, 32, 33] . In the present study, we have extended these observations in intact ovaries to demonstrate that there is an increase in MMP2 activity in cultured granulosa cells. This observation is in concordance with in situ hybridization studies that revealed that Mmp2 mRNA expression in granulosa cells from healthy rat follicles prior to an hCG stimulus was extremely low but as ovulation approached, the mRNA expression of Mmp2 increased in the granulosa-luteal compartment and remained elevated in the forming corpus luteum [20] . However, differences exist with cultured granulosa cells as the appearance of MMP2 activity in conditioned media is not as robust as activity observed from intact ovaries collected in vivo. The gelatinases have a high affinity for components of the ECM, especially those of the basement membranes. The ability of MMP2 and MMP9 to degrade ECM components present in the follicular wall along with their induction by an LH/hCG stimulus has led to the concept that the gelatinases are involved in the LH-induced breakdown of connective tissue in the preovulatory follicle. The current approach has begun to elucidate some of the non-ECM targets of gelatinolytic action during the periovulatory period. One of the targets of MMP2/9 action identified in this study was PDIA3, which belongs to a family of 17 different PDIs that are capable of formation (oxidation), reduction, and rearrangement (isomerization) of the disulfide-bonding patterns of proteins, often as part of the process of folding of nascent proteins [25, 41] The PDIA3 identified in the present study acts as an oxidase, reductase, isomerase, and chaperone in protein folding, is fairly ubiquitous in distribution, and is induced by stress [25] .
Our observation that inhibition of MMP2/9 action results in a decrease in PDIA3 in the conditioned media suggests that PDIA3 is a direct target of MMP2/9 (Fig. 7) . Initially our findings raised the question of the mechanism by which MMP2/9 targets PDIA3 cleavage because PDIs are classically described as being anchored to the endoplasmic reticulum (ER) via KDEL-receptor proteins [41] . However, there is a growing body of literature suggesting additional functions for the PDIs on the surface of cells, where they participate in receptor activation and remodeling as well as substrate processing [42] . A number of cell types, including murine sperm [43] , rat pancreatic cells [44] , bovine aortic endothelial cells [45] , rat hepatocytes [46] , human B cells [47] , and human platelets [41] have been shown to secrete PDIs, which associate with the cell surface. The membrane-associated PDIs have been proposed to function in sperm:oocyte fusion [43] , platelet aggregation and activation [41] , and activation of integrins [48] . Another potential function of PDIs is as hormone reservoirs. PDI has an affinity for 17b-estradiol, and the high concentrations of PDI in the ER has led to the proposal that PDI may act to sequester estradiol intracellularly [49] . Turano and colleagues [42] hypothesized that the relatively low abundance of PDI in the cell membrane makes it unlikely that PDI localizes estradiol to the cell surface. Although the actual role of PDIA3 in ovarian function is unknown, PDIs have been observed in the sea urchin egg [50] , mouse oocytes [51] and periovulatory human follicular fluid (HFF) [52] . Of relevance to the present study, PDI was found in the oocyte and in follicular fluid via proteomic screening. In HFF collected from normal ovulatory women undergoing assisted reproductive techniques due to male infertility factor, PDI was 1 of 27 proteins out of a total of 695 peptide fragments that was present in HFF but was absent in plasma [52] . Furthermore, the PDI in HFF represented almost the entire intact protein (52 kDa), similar to our findings in the conditioned media from rat granulosa cells. It is tempting to speculate that because PDI was increased in HFF collected after hCG, a time when MMP2 and MMP9 activities increase [13, 20, 32, 33] , that the PDIA3 found in HFF resulted from the actions of MMP2/9 as observed in the present study. Schematic representation of gelatinolytic activity in the ovary. MMP2/9 is able to degrade PDIA3 on the cell surface or, once released, it is able to be further degraded in the conditioned media (A). When gelatinolytic activity is inhibited (B), PDIA3 is not degraded, resulting in an increase in PDIA3 on the cell surface and a decrease in PDIA3 in the conditioned media. For hepsin, inhibition of gelatinolytic activity resulted in an increase in the soluble fragment of hepsin in the conditioned media (B). This could occur by one of several mechanisms. The gelatinases could act directly on the soluble hepsin fragment or could act to degrade an intermediary proteinase (i.e., a hepsinase) that regulates the cleavage of hepsin (A). Inhibiting MMP2/9 would block degradation of the 29-kDa fragment or would protect the hepsinase, allowing it to cleave hepsin and release the soluble form of the protein into the conditioned media.
Another target of MMP2/9 action identified in the present study was hepsin, which is a member of the type II transmembrane serine proteinase family [53] . This family is estimated to contain more than 20 members and share similarities with proteinases of the plasminogen activation, blood coagulation, and complement systems [54] . The Cterminal domain of these serine proteinases is localized at the cell surface and interacts with extracellular matrix components and transmembrane molecules. The N-terminal cytoplasmic domain associates with intracellular molecules and participates in signaling [55] . Although the biological function and potential substrates for the majority of the hepsins have yet to be identified, hepsin has been proposed to degrade components of the ECM, including basement membranes [54, 55] .
One of the intriguing observations from the current study is that the 45-kDa hepsin peptide decreased while the 29-kDa fragment of hepsin increased in the conditioned media after inhibition of MMP2/9 activity. If the gelatinases were acting directly to cleave hepsin from the cell surface, then inhibition of MMP2/9 would increase or stabilize the 45-kDa peptide and decrease the release of the hepsin fragment into the conditioned media. The current finding of a decrease in the 45-kDa peptide and an increase in the soluble fragment of hepsin in the conditioned media could occur by one of several mechanisms (Fig. 7) . The gelatinases could act directly to degrade the soluble hepsin fragment present in the conditioned media. Alternatively, the gelatinases could act to degrade an intermediary proteinase (i.e., a hepsinase) that regulates the cleavage and release of hepsin from the cell surface [27] . Inhibiting MMP2/9 would block degradation of the soluble hepsin fragment or would protect the hepsinase, which would then cleave hepsin from the cell surface releasing the 29-kDa fragment into the conditioned media (Fig. 7) .
It is well recognized that both the MMPs and hepsin are highly overexpressed in numerous cancers, including ovarian cancer [29] [30] [31] [56] [57] [58] , which led us to explore the expression and potential regulation of hepsin by the gelatinases in the human. The gelatinases have been proposed to facilitate migration and invasion as well as cleavage of growth factors and cell surface proteins to regulate tumor growth or differentiation [56] [57] [58] . For hepsin, Tanimoto and coworkers [29] reported that hepsin mRNA is overexpressed in 60% of low-grade ovarian tumors and in 80% of ovarian carcinomas. The functional significance of high levels of hepsin in ovarian cancer is unknown, although hepsin may be acting to cleave growth factors or degrade basement membranes to facilitate cell invasion. Support for this idea comes from reports that hepsin acts to disorganize basement membranes [55] , cleave precursors of blood coagulation factors, and cleave the precursor of the single-chain hepatocyte growth factor [59] . Evidence for a potential function of hepsin in ovarian tumor biology has also been examined using antibodies that neutralize hepsin's proteolytic activity. Utilizing this approach, inhibition of hepsin's proteolytic activity reduced the invasive capacity of Caov-3 ovarian tumor cells by approximately 50%, suggesting a role of hepsin in tumor cell invasion [30] .
The majority of the previous explorations of hepsin expression in the ovary have examined hepsin in ovarian tumors with a limited number of investigations comparing normal ovarian tissue with ovarian carcinoma. Tanimoto and colleagues [29] reported that the hepsin transcript was abundant in carcinoma but was almost never expressed in normal adult tissue, including normal ovary. The lack of hepsin expression in the human ovary is in marked contrast to our findings in the rat. We have observed by microarray analysis using rOGED [24] that hepsin mRNA is fairly abundant in intact rat ovaries, granulosa cells, and the tissue remaining after granulosa cell collection. Administration of hCG results in approximately a 1.2-to 1.4-fold increase in hepsin mRNA in these various ovarian compartments at 6 h after hCG (Dr. Chemyong Ko, rOGED database, unpublished results used with author's permission). The current findings suggest that the hepsin mRNA is transcribed into protein and hepsin is abundant in rat granulosa cells. The differences in hepsin expression patterns between the human and rat may be species related or may be related to the physiologic stage of the ovary. To explore this possibility, we examined normal human ovarian tissue and observed hepsin present in all of the ovarian extracts although the levels of hepsin varied between patients. The functional significance of hepsin in normal ovarian function is unknown; however, extrapolations from hepsin in ovarian cancer would suggest that hepsin may play a role in growth factor cleavage or ECM remodeling. Furthermore, the present findings suggest that hepsin in ovarian cancer cells is sensitive to gelatinolytic cleavage.
In conclusion, the present study has inhibited MMP2/9 activity and identified PDIA3 and hepsin as targets of gelatinolytic activity. Hepsin was further characterized as a MMP2/9 target in ovarian cancer cells, suggesting that the MMPs may modulate hepsin action during normal physiologic processes such as ovulation and/or luteinization as well as in altered physiologic states such as cancer.
